New HIV therapies are urgently needed to address the growing problem of drug resistance. In this article, we characterize the anti-HIV drug candidate 3-O-(3,3-dimethylsuccinyl) betulinic acid (PA-457). We show that PA-457 potently inhibits replication of both WT and drug-resistant HIV-1 isolates and demonstrate that the compound acts by disrupting a late step in Gag processing involving conversion of the capsid precursor (p25) to mature capsid protein (p24). We find that virions from PA-457-treated cultures are noninfectious and exhibit an aberrant particle morphology characterized by a spherical, acentric core and a crescent-shaped, electron-dense shell lying just inside the viral membrane. To identify the determinants of compound activity we selected for PA-457-resistant virus in vitro. Consistent with the effect on Gag processing, we found that mutations conferring resistance to PA-457 map to the p25 to p24 cleavage site. PA-457 represents a unique class of anti-HIV compounds termed maturation inhibitors that exploit a previously unidentified viral target, providing additional opportunities for HIV drug discovery.
T he introduction of highly active antiretroviral therapy has led to a significant improvement in the prognosis for HIV-1-infected individuals. However, the emergence of virus isolates resistant to approved drugs can have a significant adverse impact on both treatment options and disease outcome. It is estimated that 40-45% of HIV-infected individuals harbor drug-resistant virus with a rapidly growing subgroup (5-10%) exhibiting resistance to all classes of reverse transcriptase (RT) and protease (PR) inhibitors (1) . Treatment issues involving drug resistance are increasingly encountered in newly infected individuals. In a recent study, it was determined that in areas where antiretroviral therapy is widely used Ͼ25% of new HIV-1 infections involve viruses resistant to one or more approved drugs (2) . Because resistant viruses are slower to respond to therapy, the time to suppression of viral load in patients infected with these isolates is markedly longer than observed for individuals harboring drug-sensitive strains. In addition, the time to virologic failure is significantly shorter among those infected with drug-resistant virus (3) . These results highlight the need for new HIV treatment options.
Because of the large number of potential therapeutic targets, HIV assembly and budding have long been a focus of drug development efforts. HIV-1 assembly is driven largely by the Gag precursor protein Pr55 Gag . After synthesis, Pr55
Gag is transported to the plasma membrane where virus assembly occurs (4, 5) . Through a complex combination of Gag-lipid, Gag-Gag, and Gag-RNA interactions, a multimeric budding structure forms at the inner leaflet of the plasma membrane. The budding virus particle is ultimately released from the cell surface in a process that is promoted by an interaction between the late domain in the p6 region of Gag (6, 7) and host proteins, most notably the endosomal sorting factor TSG101 (tumor susceptibility gene 101) (8) (9) (10) (11) (12) . Concomitant with particle release, the viral PR cleaves Pr55 Gag and Pr160
GagPol . These processing events generate the mature Gag proteins matrix (MA), capsid (CA), nucleocapsid, and p6, two small Gag spacer peptides (SP1 and SP2), and the mature pol-encoded enzymes PR, RT, and integrase. Gag and GagPol cleavage triggers a structural rearrangement termed maturation, during which the immature particle transitions to a mature virion characterized by an electron-dense, conical core. The efficiencies with which PR cleaves its target sequences vary widely, resulting in a highly ordered Gag and GagPol processing cascade (13) (14) (15) . The sequential nature of Gag processing can be disrupted by altering the amino acid sequence at cleavage sites within Gag (16) (17) (18) , and even partial inhibition of Gag processing profoundly impairs virus maturation and infectivity (19) . Mutating key residues in the p6 late domain (6) (7) 20) or inhibiting the interaction between p6 and TSG101 (9, 11) also delays Gag processing and increases levels of the Gag cleavage intermediates p25 (CA-SP1) and p41 (MA-CA) in virions. It has also been reported that deletions in the dimer initiation site of the viral genomic RNA lead to an accumulation of p25 and a defect in virus maturation (21, 22) .
Here, we report results from the characterization of 3-O-(3Ј,3Ј-dimethylsuccinyl) betulinic acid (PA-457), a potent HIV drug candidate that acts through a previously unidentified viral target to inhibit virus replication. PA-457 (Fig. 1A) was developed by activity-directed derivitization of betulinic acid, which was originally identified as a weak inhibitor (therapeutic index Ͻ5) of HIV-1 replication in a mechanism-blind screening assay (23, 24) . We find that PA-457 exhibits a high degree of potency against both prototypic and clinical HIV-1 isolates and, importantly, retains its potent antiviral activity against a panel of viruses resistant to the three classes of approved drugs targeting the viral enzymes RT and PR. Using a series of in vitro experiments, we establish that the compound does not target the activities of the viral RT or PR. Consistent with a previous report, we found that PA-457 blocks HIV-1 replication at a late step in the virus life cycle (25) . However, unlike that earlier work, we determined that the compound does not reduce the efficiency of virus particle release; rather, it induces a defect in Gag processing. Specifically, the cleavage of the CA precursor (p25) to mature CA (p24) is disrupted. Finally, by isolating and characterizing a PA-457-resistant isolate we show that the determinants of activity map to the p25 to p24 cleavage site. These observations demonstrate that PA-457 acts through a novel target to inhibit virus replication by disrupting p25 to p24 conversion, resulting in the formation of defective, noninfectious virus particles.
Materials and Methods
Compounds. PA-457 was prepared as described (23) . The nucleoside RT inhibitor AZT was purchased from Sigma. The nonnucleoside RT inhibitor nevirapine and the PR inhibitor indinavir were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. The peptide entry inhibitor, T20, was commercially prepared (New England Peptide, Gardner, MA).
Plasmids and Virus Isolates. The HIV-1 molecular clone pNL4-3 (26) used in this study was obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. The TSG-5Ј expression vector pcGNM2͞TSG-5Ј (11) was a gift from Z. Sun (Stanford University, Stanford, CA). The pNL4-3͞CA5 was a gift from H. G. Krausslich (Universitätsklinikum Heidelberg, Heidelberg). All drug-resistant HIV-1 isolates and WT viruses BZ167 (27) , 92HT599, US1 (27) PA-457-resistant isolates were selected by serial passage of WT NL4-3 in the MT-2 cell line in the presence of inhibitory concentrations of the compound. Virus replication during the selection processing was monitored by observing the formation of syncytia. The entire Gag and PR coding regions of the viral genome derived from a PA-457-resistant virus were amplified by using the high-fidelity RT-PCR kit (Pro-STAR Ultra HF, Stratagene) and sequenced. The resistance-conferring mutation was further characterized by introducing the identical change into the parental NL4-3 backbone. This was accomplished by subcloning a 503-bp SpeI-ApaI gag fragment from the PA-457-resistant virus RT-PCR product into WT pNL4-3. For detailed procedures, see Supporting Text.
Results
In Vitro Activity of PA-457 Against WT and Drug-Resistant HIV-1
Isolates. In assays using patient-derived WT virus isolates, PA-457 exhibited a mean IC 50 of 10.3 nM ( Table 1) . The compound retained this activity against virus isolates resistant to the approved RT and PR inhibitors ( Table 2 ). In assays against these viruses, PA-457 exhibited a mean IC 50 of 7.8 nM, which is similar to that observed against drug-sensitive HIV-1 strains (Table 2) . With an average 50% cytotoxicity value of 25 M (data not shown), the therapeutic index for PA-457 is Ͼ2,500. The compound's antiviral activity was HIV-1 specific. In experiments using the related retroviruses HIV-2 ROD and simian immunodeficiency virus MAC 251 the IC 50 values for PA-457 were Ͼ5 M (data not shown).
PA-457 Does Not Block Virus Attachment or Entry or Inhibit RT or PR

Activity in Vitro.
Results from in vitro assays allow us to conclude that PA-457 does not block virus attachment or entry and does not affect the function of the viral RT (data not shown). The lack of effect on RT activity has been reported (24) , and results from activity assays using HIV-1 isolates resistant to RT inhibitors support this observation ( Table 2) . Control compounds included zidovudine (AZT), nevirapine (Nev), and indinavir (Ind). Assays used phytohemagglutinin-stimulated peripheral blood lymphocytes as targets and p24 production on day 8 as an indicator of virus replication.
A series of in vitro assays were carried out to determine the effect of PA-457 on the activity of the viral PR enzyme. In a cell-free fluorometric assay using a synthetic peptide substrate PA-457 had no effect on PR function at concentrations of 50 g͞ml (data not shown). Experiments using a recombinant form of the Gag precursor protein Pr55
Gag and assay formats sensitive to small changes in PR activity gave similar results. In one format, partial Gag processing was achieved by limiting PR concentration, allowing slight changes in enzyme activity to be detected by changes in the relative proportions of the intermediate Gag cleavage products. As shown (Fig. 1B) , using this approach, after 30 min, Gag processing in samples treated with 50 g͞ml of PA-457 was identical to that observed in untreated controls. The second assay format involved following Pr55
Gag processing as a function of time. This approach was particularly sensitive to the effect of test compounds on any single processing step (Fig. 6 , which is published as supporting information on the PNAS web site). In this system, PA-457 exhibited no effect on PR activity. In both experiments, results obtained with PA-457 contrasted dramatically with the results seen with the PR inhibitor indinavir, which blocks all stages of Gag processing.
PA-457 Blocks a Late
Step in Virus Replication. To characterize the inhibitory activity of PA-457 against early and late replication targets, a multinuclear-activation galactosidase indicator (MAGI) infectivity assay was used (Table 3) . In this assay, the targets are HeLa cells stably expressing CD4, CXCR4, and CCR5 and harboring an integrated copy of the ␤-galactosidase gene under transcriptional control of a truncated HIV-1 LTR. As shown in Table 3 , the entry inhibitor T20, the nucleoside RT inhibitor AZT, and the non-nucleoside RT inhibitor nevirapine caused significant reductions in ␤-galactosidase gene expression in HIV-1-infected MAGI cells, indicating that they disrupt early entry or postentry events. In contrast, the PR inhibitor indinavir targets a late step in viral replication (after Tat expression) and does not inhibit virus infectivity in this system. Similar results were obtained with PA-457 as with indinavir, indicating that PA-457 blocks virus replication at a time point after the completion of viral DNA integration and Tat expression.
Step in Gag Processing: The Conversion of p25 to p24. To define further the target of PA-457 activity, we characterized the production of virus from infected cells treated with the compound. We observed that PA-457 had no effect on virus particle release, as determined by p24 production and Western blot analysis of culture supernatants from treated cultures (data not shown). Quantitative radioimmunoprecipitation analysis indicated that the efficiency of virus release in the presence of PA-457 was 110% (Ϯ27.5%) of that observed in the absence of drug. This analysis also indicated that the drug had no effect on gp160 processing (Fig. 2) or Env glycoprotein incorporation into virions (data not shown). However, we did observe abnormal The entry inhibitor T20 and the RT inhibitors AZT and nevirapine block replication before Tat protein expression, resulting in the inhibition of ␤-galactosidase expression. The PR inhibitor indinavir inhibits virus replication at a step post-Tat expression and has no effect on ␤-galactosidase expression. PA-457 gives results similar to indinavir, indicating that it blocks virus replication at a point post-Tat expression. All compounds were added at time zero and tested at 5 g͞ml. Gag protein processing in virus generated in the presence of compound.
Radioimmunoprecipitation analyses (Fig. 2) revealed that, in a dose-dependent manner, PA-457 specifically inhibited the conversion of p25 (CA-SP1) to p24 (CA) as increased levels of p25 were detected in both cell and virion lysates (Fig. 2) . This defective Gag processing phenotype was also observed by Western blot analysis when NL4-3-infected U87.CD4.CXCR4 cells or phytohemagglutinin-stimulated peripheral blood mononuclear cells were treated with PA-457 (data not shown). We also analyzed the effect of PA-457 by pulse-chase analysis. The results confirmed that the compound does not alter the kinetics of virus particle production but disrupts the conversion of p25 to p24, as elevated levels of p25 were observed in both cell and virion lysates (data not shown). Thus, using several approaches, we demonstrated that PA-457 did not affect the assembly and release of virus particles but rather specifically inhibited the conversion of p25 to p24.
PA-457 Does Not Disrupt the Gag-TSG101 Interaction.
As noted in the Introduction, disruption of the interaction between HIV-1 Gag and TSG101 inhibits the conversion of p25 to p24 (6, 7, 9, 11, 20) . To test whether PA-457 disrupts p25 processing by preventing the Gag-TSG101 interaction, we measured the incorporation of the N-terminal, Gag-binding domain of TSG101 (TSG-5Ј) into virions. HeLa cells were cotransfected with pNL4-3 and the TSG-5Ј expression vector (11, 32) in the presence and absence of PA-457. The incorporation of TSG-5Ј into virions, which requires a specific interaction between the p6 late domain and TSG101 (11), was measured by radioimmunoprecipitation analysis. As reported (11), TSG-5Ј disrupts the interaction between Gag and TSG101 resulting in markedly reduced levels of virionassociated Gag. The levels of TSG-5Ј incorporation into virions were not affected by PA-457, indicating that the compound does not act by blocking the Gag-TSG101 interaction (Fig. 3) .
PA-457 Blocks Normal Virion Maturation. To determine whether the PA-457-induced defect in p25 to p24 processing affected virus morphology we performed EM analysis. In the absence of PA-457, cells transfected with pNL4-3 produced virus particles with the classical mature morphology characterized by the presence of condensed, conical cores (Fig. 4A) . In contrast, virus from cells treated with PA-457 lacked conical cores. Instead, these virions displayed spherical, acentric cores and were further distinguished from the untreated particles by the presence of an additional electron-dense layer inside the viral membrane (Fig.  4B ). This morphology, particularly the additional electron-dense layer, is also found in particles produced by the pNL4-3͞CA-5 mutant, which contains substitutions that block the processing of CA-SP1 to CA (17) (Fig. 4C) . Taken together, these results indicate that PA-457 blocks proper virion maturation.
Selection for and Characterization of PA-457-Resistant Virus Isolates.
To elucidate in more detail the mechanism of action of PA-457, resistant isolates were selected by serial passage of WT NL4-3 in the presence of inhibitory concentrations of compound. After Ϸ8 weeks in culture, a virus resistant to concentrations of Ͼ1 g͞ml PA-457 was isolated. To identify mutations responsible for PA-457 resistance the Gag and PR coding regions from the resistant virus were sequenced. We identified a single mutation encoding an amino acid change (A to V) at the N terminus of SP1 (Fig. 5A ). To determine whether the A-to-V mutation could confer PA-457 resistance, we introduced this substitution into the NL4-3 backbone to generate the NL4-3 SP1͞A1V mutant. We then compared the effect of PA-457 treatment on WT vs. SP1͞A1V Gag processing. As shown earlier (Fig. 2) , PA-457 disrupted the processing of WT p25 to p24, leading to an accumulation of p25 in both cell and virion fractions (Fig. 5B) . In striking contrast, PA-457 had no effect on the processing of the mutant Gag, as no p25 was detected even at a concentration Fig. 3 . PA-457 does not inhibit the Gag-TSG101 interaction. HeLa cells were transfected with pNL4-3 alone or cotransfected with a 1:1 DNA ratio of pNL4-3 and the TSG-5Ј expression vector, pcGNM2͞TSG-5Ј, which expresses an hemagglutinin (HA)-tagged N-terminal TSG101 fragment (11, 32) . Cells, either not treated or treated with the indicated concentration of PA-457, were metabolically labeled overnight with 35 S-Met͞Cys. Virus lysates were immunoprecipitated with HIV Ig (Upper). Virus lysates were also immunoprecipitated with anti-HA antiserum (11) (Lower). The positions of virally encoded proteins p25, and p24 and TSG-5Ј are indicated. of 1 g͞ml. In addition, and consistent with the biochemical results (Fig. 5B) , we observed no effect of PA-457 on the morphology of SP1͞A1V mutant virions (data not shown). These results indicate that the A-to-V substitution at the p25 cleavage site confers PA-457 resistance. Discussion PA-457 was shown to be a potent in vitro inhibitor of HIV-1 replication. In assays using patient-derived WT virus isolates, PA-457 exhibited a mean IC 50 of 10.3 nM. This value compared well with the approved drugs AZT and indinavir (4.3 and 8.8 nM, respectively) and was significantly lower than the mean IC 50 observed for the non-nucleoside RT inhibitor nevirapine (40.0 nM). With an average 50% cytotoxicity value of 25 M, the therapeutic index for PA-457 is Ͼ2,500. Importantly, PA-457 exhibited a similar level of activity against a panel of virus isolates resistant to the three classes of drugs targeting the viral RT and PR enzymes. In these experiments, PA-457 retained its low nanomolar activity, whereas the approved drugs exhibited losses in activity ranging up to Ͼ500-fold against the resistant isolates. Interestingly, the compound's antiviral activity was HIV-1-specific. PA-457 was inactive against the related retroviruses HIV-2 and simian immunodeficiency virus in cell-based replication assays.
The results of this study allow us to conclude that PA-457 acts through a previously unidentified target to block virus replication. We, and others, have demonstrated that the compound does not effect virus attachment or entry and does not disrupt activity of the viral RT or PR enzymes (25) . Kanamoto et al. (25) reported that PA-457 inhibited virus release from infected cells, a result we were unable to reproduce in this study. In that report the authors based their conclusion on EM results from PA-457-treated infected cells, an approach that does not allow quantitative assessment of virus release. In contrast, using a variety of assays, including quantitative radioimmunoprecipitation analysis, we demonstrate that PA-457 does not affect virus particle production, but rather inhibits p25 processing and virion maturation.
We showed that virus generated in the presence of PA-457 exhibited a defect late in the Gag processing cascade. Specifically, the conversion of the CA precursor (p25) to mature CA protein (p24) was blocked. As mentioned in the Introduction, correct processing of Pr55
Gag is critical to the formation of mature infectious viral particles. The p25 CA processing intermediate consists of the CA protein linked to a 14-aa SP1 that separates CA from nucleocapsid. It has been demonstrated that mutations that block this processing step result in the production of noninfectious viral particles with aberrant cores (16) (17) (18) ). An intriguing observation involved the specificity of the effect. The block to Gag processing was not global but rather appeared to be limited to the p25 to p24 cleavage event. Thin-section EM indicated that the defect in the conversion of p25 to p24 induced by PA-457 led to the formation of virions that displayed aberrant particle morphology. This abnormal core morphology contrasts with the cone-shaped CA structure normally associated with mature infectious HIV-1 particles.
In an effort to identify the molecular determinants of PA-457 activity we selected for and genotyped PA-457-resistant virus. In these experiments we identified a single mutation encoding an amino acid change (A to V) at the N terminus of SP1 (Fig. 5A) . The change at this position (flanking the CA͞SP1 cleavage site) is consistent with the observation that PA-457 disrupts p25 processing. Although the mechanism of PA-457 resistance remains to be determined, we propose two possibilities. If the N terminus of SP1 serves as a target for PA-457 the A-to-V change could disrupt the ability of the compound to interact with this region of Gag thereby reducing activity. Alternatively, if PA-457 activity involves interactions with a higher-order Gag structure, the A-to-V substitution could alter that structure in a way that affects PA-457 binding and activity. As we gain insight into the molecular target for this compound the mechanism of resistance should become clear. Interestingly, the A-to-V mutation has been reported to reduce HIV-1 replicative fitness compared with WT (33) . Significantly, no mutations in the PR coding region were found.
Several models could explain the mechanism by which PA-457 blocks p25 processing. (i) The compound could alter the enzymatic activity of PR such that it inefficiently recognizes the CA͞SP1 cleavage site. Because cleavage at this site is not inhibited in our in vitro assays, the effect would have to be specific for PR in the context of an assembled virion. (ii) PA-457 could affect RNA encapsidation, dimerization, or dimer maturation (34, 35) such that p25 processing is inhibited. According to this model, the compound would induce an effect analogous to that imposed by deletions in the RNA dimer initiation site, which have been reported to inhibit p25 processing (21, 22) . (iii) PA-457 could bind directly to Pr55 Gag or Gag processing intermediates to disrupt CA͞SP1 cleavage. Such an interaction could result in changes to the global conformation of Gag such that the ability of PR to cleave at the CA͞SP1 processing site is inhibited. Alternatively, the compound could bind directly to the CA͞SP1 cleavage site and disrupt p25 processing by blocking PR access to this site. Because PA-457 does not appear to block p25 processing in vitro, the effect would have to be specific for Gag in the context of a higher-order structure. The specificity of the compound for the p25 processing event, coupled with the location of the mutation that confers PA-457 resistance, provide support for this last model. Unlike a number of other novel HIV-1 inhibitors, including a recently described CA-binding compound (36) , PA-457 exhibits many of the properties considered necessary for a drugdevelopment candidate. An in vitro IC 50 value similar to that of approved drugs coupled with activity against drug-resistant virus isolates satisfies the first set of HIV therapeutic development criteria. Additional in vitro studies have established that PA-457 is not rapidly metabolized in the presence of human liver microsomes and does not significantly inhibit the activity of cytochrome P450 liver isoforms (unpublished data). Specifically, the IC 50 value for the inhibition of CYP3A4 catalytic activity was Ͼ120 M (data not shown). These results suggest that the compound should exhibit a suitable in vivo half-life when administered to humans and a reduced likelihood for the types of drug-drug interaction problems often observed in multidrug HIV therapeutic regimens. Importantly, experimental formulations have been identified that result in high levels of oral bioavailability. In rodent models Ͼ50% oral bioavailability has been achieved with plasma concentrations in excess of 25 M after a single 25 mg͞kg oral dose (unpublished work). Overall, these results support further development of this drug candidate.
In summary, our results have established that PA-457 inhibits HIV-1 replication by a unique mechanism of action and represents a member of an emerging class of compounds that block virus maturation. Importantly, in characterizing the mechanism of action of this compound, we have identified a highly conserved target for HIV-1 therapeutic development. This observation is particularly significant as the percentage of HIVinfected individuals harboring drug-resistant strains grows and the need for new drugs active against these virus isolates increases. The preclinical profile of PA-457 places it on the short list of therapeutic development candidates that closely fit the needs of today's treatment-experienced HIV-1-infected patient population. Results of ongoing and future studies with PA-457 and similar compounds will determine the therapeutic potential for this class of inhibitors that target Gag CA-SP1 processing and block HIV-1 maturation.
